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Abstract:  
Living plant roots modify both mechanical and hydrological characteristics of the soil matrix (e.g. soil 
aggregate stability by root exudates, soil cohesion, infiltration rate, soil moisture content, soil organic 
matter) and negatively influence the soil erodibility. During the last two decades several studies reported 
on the effects of plant roots in controlling concentrated flow erosion rates. However a global analysis of 
the now available data on root effects is still lacking. Yet, a meta-data analysis will contribute to a better 
understanding of the soil-root interactions as our capability to assess the effectiveness of roots in reducing 
soil erosion rates due to concentrated flow in different environments remains difficult. The objectives of 
this study are therefore: i) to provide a state of the art on studies quantifying the effectiveness of roots in 
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reducing soil erosion rates due to concentrated flow; and ii) to explore the overall trends in erosion 
reduction as a function of the root (length) density, root architecture and soil texture, based on an 
integrated analysis of published data. We therefore compiled a dataset of measured soil detachment ratios 
(SDR) for the root density (RD; 822 observations) as well as for the root length density (RLD; 274 
observations). A Hill curve model best describes the decrease in SDR as a function of R(L)D. An 
important finding of our meta-analysis is that RLD is a much more suitable variable to estimate SDR 
compared to RD as it is linked to root architecture. However, a large proportion of the variability in SDR 
could not be attributed to RD or RLD, resulting in a low predictive accuracy of these Hill curve models 
with a model efficiency of 0.11 and 0.17 for RD and RLD respectively. Considering root architecture and 
soil texture did yield a better predictive model for RLD with a model efficiency of 0.37 for fibrous roots in 
non-sandy soils while no improvement was found for RD. The unexplained variance is attributed to 
differences in experimental set-ups and measuring errors which could not be explicitly accounted for due 
to a lack of additional data. Based on those results, it remains difficult to predict the effects of roots on soil 
erosion rates. However, by using a Monte Carlo simulation approach, we were able to establish 
relationships that allow assessing the likely erosion-reducing effects of plant roots, while taking these 
uncertainties into account. Overall, this study demonstrates that plant roots can be very effective in 
reducing soil erosion rates due to concentrated flow.  
Key words: Concentrated flow erosion, Soil detachment rates, Root density (RD), Root length density 
(RLD), Root architecture, Soil texture 
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1. Introduction  
Vegetation is frequently used in ecological restoration programs to reduce the severe impact of soil 
erosion processes on e.g. agricultural fields, steep slopes, side walls along roads and levees (e.g. Gray and 
Leiser, 1982; Thornes, 1990; Morgan and Rickson, 1995; Morgan, 2005; Stokes et al., 2007; Blanco and 
Lal, 2008; Norris et al., 2008; Maetens et al., 2012; Stokes et al., 2014). Vegetation cover can prevent soil 
erosion in several ways: 1) it provides protection of the soil surface against raindrop impact and against 
erosion by surface runoff, 2) it reduces runoff volume and velocity by increasing infiltration rate and 
surface roughness and 3) it reduces sediment transport by trapping sediments (e.g. Rey, 2003, 2004; 
Morgan, 2005; Blanco and Lal, 2008; Zuazo and Pleguezuelo, 2008; Gumiere et al., 2011). 
Most studies on the effectiveness of vegetation in reducing soil erosion mainly focused on the effects of 
above-ground vegetation as the effects of plant roots in controlling soil erosion rates are much more 
difficult to study and often referred to as ‘the hidden half’ (Eshel and Beeckman, 2013). As a 
consequence, the role of below-ground vegetation in controlling erosion processes have been less studied 
(Poesen et al., 2003; Gyssels et al., 2005; Reubens et al., 2007; Stokes et al., 2014).  
Nevertheless, studies from the last two decades indicate that plant roots play a dominant role in reducing 
soil detachment rates due to concentrated flows and can therefore be very effective in controlling rill and 
gully erosion (e.g. Gyssels et al., 2005; De Baets and Poesen, 2010). This is highly relevant because rill, 
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gully and bank erosion often contribute significantly to catchment sediment yield and to off site impacts 
such as flooding and reservoir sedimentation (e.g. Poesen et al., 2003; de Vente and Poesen, 2005; 
Vanmaercke et al., 2011, 2012). Also in the light of the predicted climate changes and sea level rises 
(IPCC, 2013), root systems can play a crucial role in protecting levees against the erosive effects of wave-
overtopping (e.g. Hoffmans et al., 2008; Quang and Oumeraci, 2012).  
The erosion-reducing potential of plant roots are the result of complex interactions within the root-soil 
matrix changing the mechanical and hydrological properties of the soil (e.g. Eviner and Chapin, 2003; 
Gregory, 2006). As a result, the effectiveness of plant roots in reducing concentrated flow erosion rates is 
influenced by several root and soil characteristics: e.g. root (length) density, root architecture, soil texture, 
soil moisture and dry soil bulk density (e.g. De Baets et al., 2007a; Burylo et al., 2012). Differences in the 
erosion-reducing potential of different plant root systems call for a selection of the most appropriate plant 
species in programs of erosion control or hillslope stabilization (e.g. De Baets et al., 2007b, 2009; Stokes 
et al., 2009; Reubens et al., 2011; Burylo et al., 2014; Mwango et al., 2014). However, the extrapolation of 
the relationships between root properties and erosion rates, observed in individual case studies, to other 
sites, with differences in climate, root and soil characteristics, remains difficult (Stokes et al., 2014).  
What is currently lacking is a meta-analysis of studies quantifying the erosion-reducing potential of root 
systems during concentrated flow. Such meta-analysis is a first step in the development of a general model 
that allows estimating the erosion-reducing potential of roots, based on factors that are known to be 
relevant. The main objectives of this research are therefore: i) to provide a state of the art on studies 
quantifying the effectiveness of roots in reducing soil erosion due to concentrated flow; and ii) to explore 
the overall trends in erosion reduction as a function of the root (length) density, root architecture and soil 
texture, based on an integrated analysis of published data. First an overview is given of studies reporting 
on the effects of plant roots in reducing rates of erosion processes by water together with factors that 
control this erosion-reducing potential. Next, a quantitative analysis of all experimental data is made in 
order to explore the overall trend in root effects on concentrated flow erosion rates. As such, this study 
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represents a progress toward a better understanding of the mechanical effects of plant root characteristics 
on concentrated flow erosion rates in a range of environments. 
 
2. Erosion-reducing potential of roots: mechanisms and controlling factors  
To provide an overview of root effects on erosion processes by water, i.e. splash detachment, interrill 
erosion, rill and gully erosion and river bank erosion, an extensive literature review was made resulting in 
36 empirical studies. Table 1 gives an overview of these studies describing the erosion processes 
considered, the investigated root characteristics, the overall root effects on soil erosion rates and the 
methods used. Several methods have been used, either in the field or in the laboratory, to measure the 
erosion-reducing effects of plant roots. Laboratory experiments include rainfall simulations (e.g. Ghidey 
and Alberts, 1997; Katuwal et al., 2013) and hydraulic flume tests (e.g. Mamo and Bubenzer, 2001a; De 
Baets et al., 2006). Field measurements and experiments include the use of rainfall simulations (e.g. Li et 
al., 1991; Cogo and Streck, 2003), micro erosion plots (e.g. Pierret et al., 2007b), concentrated flow 
simulations (e.g. Mamo and Bubenzer, 2001b; Li and Li, 2011), measurements of rill and gully densities 
(Li et al., 2015) and rill and (ephemeral) gully cross sections (e.g. Gyssels et al. 2002). A large variability 
in measured root morphological traits and erosion variables is observed. Root density (RD, kg m
-3
) and 
root length density (RLD, km m
-3
) are the most commonly used root characteristics, representing 
respectively the dry mass and the total length of the living plant roots in a certain volume of soil. Also a 
large variability exists in the reported erosion variables which can be divided into: 1) variables related to 
soil detachment rates (Dr, kg m
-2
 s
-1
) and 2) variables related to soil erodibility (K).  
Only two studies investigated the effect of plant roots on splash detachment. While Ghidey and Alberts 
(1997) reported no root effect on splash erosion the study of Katuwal et al. (2013) showed a significant 
negative effect of below-ground biomass on splash erosion rate. The effects of plant roots on interrill 
erosion are also not univocal. Bui and Box (1993) and Pierret et al. (2007b) found no significant root 
effects. Those findings contrast with studies reporting significant effects of plant roots on 1) interrill 
detachment rates (Zhou and Shangguan (2007, 2008); Katuwal et al., 2013) and 2) interrill erodibility (Ki) 
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(Ghidey and Alberts (1997), Katuwal et al., 2013). The interrill erodibility (Ki) can be estimated based on 
the relationship between soil detachment, slope and the rainfall intensity or runoff discharge (e.g. Meyer 
and Harmon, 1984; Kinell, 1993; Ghidey and Alberts, 1997). For rill and gully erosion (i.e. concentrated 
flow erosion) all case studies reported a significant erosion-reducing effect on soil detachment rates (Dr) 
as well as on soil erodibility (Kr; Eq. 1) (Table 1).  
Experiments with both above- and below-ground biomass indicated that vegetation cover was more 
effective in reducing splash detachment (Katuwal et al., 2013) while plant roots were more efficient in 
reducing (inter-)rill erosion (Zhou and Shangguan, 2008; Zhang et al., 2012). Sigunga et al. (2015) 
showed that roots of Eucalyptus citriodora trees fused, forming a dense network of closely woven mass of 
roots holding large amounts of soil and thereby controlling erosion by water and hence gully development. 
Fig. 1 shows a structural model comparing the erosion-reducing potential of plant roots and plant cover. 
While plant roots are more effective in controlling rill and gully erosion rates, plant cover is more 
effective in controlling splash detachment and interrill erosion rates (Gyssels et al., 2005; Zuazo and 
Pleguezuelo, 2008).  
The intensity of concentrated flow erosion is most often based on excess shear stress models and can be 
expressed as a soil detachment rate (Dr) in relation to the soil erodibility (K) and the critical flow shear 
stress (τcr) (e.g. Meyer, 1964; Lane et al., 1987; Nearing et al., 1997; Zhu et al., 2001; Knapen et al., 
2007b): 
            
    (1)  
 
Where Dr (kg m
-2
 s
-1
) is the soil detachment rate, Kc (s m
-1
) is the concentrated flow soil erodibility, τ (Pa) 
is the average flow shear stress, τcr (Pa) the critical flow shear stress for incipient soil detachment and b is 
an exponent. KC, τcr and b are empirical parameters depending on land use practices and soil properties 
(i.e. physical, chemical and biological properties) (e.g. Knapen et al., 2007b). 
This approach based on eq. 1 was also used to develop a threshold equation for gully head development 
(Montgomery and Dietrich, 1994). Recently, Torri and Poesen (2014) contributed to this and developed an 
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approach in which the effects of vegetation (e.g. the effect of roots on increased erosion resistance) on the 
development of gullies are incorporated more explicitly. The direct and indirect effects of plant roots on 
the soil erodibility factor (KC) and τcr from Eq. 1, resulting in a reduction of soil detachment rates, will be 
discussed in section 2.1. 
 
2.1 Mechanisms of plant roots in reducing soil erosion 
To understand the role of plant roots in controlling concentrated flow erosion rates, one has to consider the 
root-soil system which is complex (Fig. 2) due to mutual interactions between soil and root characteristics 
(e.g. McCully, 1999; Gregory, 2006).  
As such, root growth within in the soil will induce biophysical and biochemical reactions in the adjacent 
soil which modify its mechanical and hydrological characteristics (e.g. Angers and Caron, 1998; Simon 
and Collison, 2002; Eviner and Chapin, 2003; Whalley et al., 2005). The presence of roots will affect the 
mechanical properties of the soil in two ways (Fig. 2). In the first place by increasing soil aggregate 
stability (e.g. Amézketa, 1999; Bronick and Lal, 2005). Mechanically, roots will interweave in the soil 
matrix and serve as a framework for the formation of aggregates (Reubens et al., 2007). Also root 
exudates, e.g. mucilage secretion at the root cap, enhance the formation of water-stable aggregates by 
binding the soil particles together through their adhesive properties (e.g. Jastrow et al., 1998; McCully, 
1999; Jones et al., 2009). Soil aggregates need some time to develop and the root effects are not 
immediately in time (e.g. Traoré et al., 2000; Abiven et al., 2009). Furthermore, aggregate stability is 
indirectly influenced by the activity of microorganisms which feed on those organic substances and in turn 
produce polysaccharides that enhance the formation of soil aggregates (Gregory, 2006). Besides this, root 
exudates also serve as a continual source of organic matter which will increase the soil structure (Jastrow 
et al., 1998; Bronick and Lal, 2005; Fattet et al., 2011). Soil aggregate stability is negatively correlated to 
soil erodibility (KC) (Knapen et al., 2007b; Wang et al., 2011). The erosion-reducing effects of plant roots 
are thus partly resulting from their positive effect on aggregate stability (e.g. Ghidey and Alberts, 1997; 
Pohl et al., 2009; Du et al., 2010; Fattet et al., 2011; Li and Li, 2011). Several studies found a direct 
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negative effect of plant roots on KC which becomes stronger with increasing RD or RLD (e.g. Mamo and 
Bubenzer, 2001a,b; Gyssels et al., 2006; Knapen et al., 2007a, De Baets and Poesen, 2010; Knapen and 
Poesen, 2010; Zhang et al., 2013; Wang et al., 2014). The soil erodibility factor (KC) is related to many 
other variables and acts as a black-box coefficient (e.g. Knapen, 2007b; Borselli et al., 2012). As a result, 
KC can be substituted in Eq. 1 by correlated variables in order to determine soil detachment rates (Dr). 
Zhang et al. (2013) found that 60% of the variability in Dr could be explained by flow shear stress (τ) and 
RD, assuming a constant τcr. This is in agreement with other studies reporting a significant influence of RD 
or RLD together with τ on Dr (e.g. De Baets and Poesen, 2010; Wang et al., 2011; Moody and Nyman, 
2012).  
Next to an increased aggregate stability, plant roots will also modify the mechanical properties of the soil 
by reinforcing the soil matrix. As plant roots can well resist tension forces while the soil matrix is strong 
in compression, they are complementary to each other (Simon and Collison, 2002). This will lead to an 
increased soil shear strength due to the presence of roots (e.g. Wu, 1976; Pollen and Simon, 2005). The 
potential of plant roots to stabilize the soil by their additional soil shear strength is often applied on slopes 
that are threatened by shallow mass movements (e.g. Norris et al., 2008; Mao et al., 2012; Stokes et al., 
2014). The degree of soil reinforcement by plant roots is highly plant specific and depends on the root 
system characteristics, e.g. root architecture and root tensile strength (e.g. Reubens et al., 2007; De Baets 
et al., 2008a). The root tensile strength (MPa) is negatively related to the root diameter (Mao et al., 2012) 
which can be attributed to the lower cellulose content of thicker roots (Genet et al., 2005). When 
predicting concentrated flow erosion rates, the soil shear strength is also important to consider as it is 
positively related to the critical flow shear stress (τcr) (e.g. Léonard and Richard, 2004; Knapen et al., 
2007b; Wang et al., 2011) and negatively related to the soil erodibility (KC) (e.g. Torri, 1987). De Baets et 
al. (2008b) incorporated the root effects on soil cohesion within the soil erosion model EUROSEM by 
linking root densities to the increased soil cohesion values due to the presence of roots. At the moment, 
very few experimental data exist on the relation between soil shear strength, root properties and the 
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resulting soil detachment rates as there are large practical difficulties involved in measuring the soil shear 
strength of root-permeated soils (e.g.Wang et al., 2011, 2014; Katuwal et al., 2013, Yu et al., 2014). 
Both soil shear strength and soil aggregate stability are positively related to each other as they have to 
some extent similar bonding mechanisms (Fattet et al. 2011). For example mycorrhizal fungi, which are 
commonly associated with fine roots (Jastrow et al., 1998), are involved in the formation of water-stable 
aggregates and will enhance soil shear strength (e.g. Fattet et al., 2011; Leifheit et al., 2014). As a larger 
soil volume is affected due to the larger extent of soil exploration by those fungi compared to the root 
system itself (Johnson and Gehring, 2007), mycorrhizal fungi are also important to consider within 
erosion control measures next to plant roots. 
In addition to these mechanical properties, root growth also influences the hydrological properties of the 
soil matrix (Simon and Collison, 2002) as their function is to allocate water and nutrients to the above-
ground parts (Gregory, 2006). This in turn will influence soil aggregation by the localized drying 
(Amézketa, 1999). Li et al. (1992) found a positive correlation between the presence of fine roots (< 1mm) 
and the soil permeability as those fine roots are associated with the formation of water-stable aggregates 
(Fattet et al., 2011). An increased permeability will result in an increased infiltration rate and a reduction 
of surface runoff rate. A higher amount of roots will also facilitate the allocation of water and thereby 
decreasing soil water content and thereby increasing the soil shear strength (Normaniza and Barakbah, 
2006). The root system type is important to consider as fibrous roots reduce the macro-pore space 
available for water movement while coarse roots facilitate water movement to deeper soil layers (Archer 
et al., 2002). 
 
2.2 Factors controlling the erosion-reducing potential of plant roots 
The erosion-reducing effects of plant roots are both depending on the amount of roots within the soil 
matrix (often expressed as RD and RLD) and on specific root properties (e.g. root architecture, diameter, 
tensile strength or rooting depth) as shown in Fig. 2. Root properties and root development are strongly 
plant-specific which can be genetic or phenotypic in nature (Gregory, 2006). The root architecture of 
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plants is important to consider as it will determine the erosion-reducing potential of plant roots (e.g. 
Reubens et al., 2007; Stokes et al., 2009; Burylo et al., 2014). A twofold classification in fibrous and tap 
root systems is most widely used (Fitter, 1987). Fibrous root systems consist of many fine equivalent roots 
while tap root systems consist of central and vertical main roots with a limited number of laterals and 
reduced branching compared to fibrous root systems (Cannon, 1949). Nonetheless, these two root systems 
only represent the extremes of a continuum of different root architectural forms (Fitter, 1987). Research 
indicates that, in general, fibrous root systems are more effective in reducing soil erosion compared to tap 
root systems (e.g. Reubens et al., 2007; De Baets et al., 2007a; Stokes et al., 2009). This can be attributed 
to the larger root-soil contact area for fibrous roots due to the large number of fine roots (Zhou and 
Shangguan, 2005; De Baets et al., 2007a) which will enhance the formation of water-stable aggregates 
(Jastrow et al., 1998). Li et al. (2015) found a significant decrease in rill and gully channel density on 
slopes with increasing fine root density (< 2mm) which is in line with Burylo et al. (2012) who found a 
significant negative correlation between the soil detachment ratio (SDR) and the percentage of fine roots 
(< 0.5mm).  
The high level of variability in root characteristics, even within a single plant species depends to a large 
extent on the environment and management practices (Fig. 2). Both factors affect root growth and root 
characteristics and will indirectly influence the erosion-reducing potential of plant roots. In a global study 
of topsoil root densities Jackson et al. (1996) showed large differences in root densities among terrestrial 
biomes. Highest root densities within the topsoil were reported for tropical evergreen forests and 
sclerophyllous scrub vegetation with RD values exceeding 40 kg m
-3
. Lowest values were reported for 
deserts and boreal forest with a maximum reported RD less than 4 kg km
-3
. This large spatial variability in 
RD is induced by climatic factors (Schenk and Jackson, 2002) as they influence the soil water content and 
the soil temperature which influences biochemical processes within the plant roots (e.g. Kaspar and Bland, 
1992; Pierret et al., 2007a). Also specific topographic conditions can induce differences in root 
characteristics. Significantly higher root tensile strengths were found by Hales et al. (2009) in areas with a 
divergent topography compared to convergent areas which could be attributed to differences in cellulose 
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content due to contrasting soil water potentials. Root systems on steep soils are often asymmetric with 
stronger roots in uphill direction (Schiechtl, 1980; Chiatante et al., 2003). Small-scale topographic 
changes induced by root growth itself can also be important to consider as they can reduce soil erosion 
rates by trapping sediments and organic debris thereby decreasing the sediment transport capacity (Poeppl 
et al., 2012). 
Soil characteristics in turn will also influence root characteristics and as a consequence the erosion-
reducing potential of plant roots (Fig. 2). De Baets et al. (2007a) observed a negative effect of sand 
content on the erosion-reducing potential of fibrous roots which can be explained by weaker root-soil 
bonds in sandy soils and a smaller soil aggregate stability (Pohl et al., 2009). Also a high soil dry bulk 
density can reduce the erosion-reducing effects of plant roots (De Baets et al., 2007a). Root growth is 
hampered by an increase in soil bulk density as it influences root penetration in the soil matrix (Chen and 
Weil, 2009). Alameda and Villar (2012) showed a decrease of roots < 0.5mm and an increase of roots > 
0.5 mm with increasing soil bulk density leading to a decrease of RLD and thus the erosion-reducing 
potential.  
Also management practices are important to consider (Fig. 2). Management practices that increase RD or 
RLD are often used as measures to protect soils against concentrated flow erosion. Multiple sowing 
practices can be used to increase seedling densities and thus root densities (Gyssels et al., 2002, 2006). 
Fertilization will affect the nutrient content of the soil and affect root growth as roots prefer locations 
where nutrients are easily available (e.g. Hodge et al., 2004; Pierret et al., 2007a). Himmelbauer et al. 
(2013) observed an increase in root density with increasing fertilization rate. However, care has to be 
taken as fertilization measures in the field can induce shifts in plant species due to changes in soil 
characteristics, especially in nutrient composition which in turn can change root characteristics (Głąb and 
Kacorzyk, 2011). The differences in root characteristics for different plant species can be used as an 
opportunity to select the most appropriate plant species or species compositions to establish within 
restoration programs (e.g. De Baets et al., 2007b, 2008a; Wang et al., 2014). Finally, one has to account 
for the temporal variability in root morphological properties and soil characteristics (e.g. Knapen et al., 
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2007a; Pollen, 2007; Zhang et al., 2009; Wang et al., 2013). In early growth stages, the above-ground 
biomass as well as the root systems are not fully developed and soils may be still vulnerable to erosion 
processes (e.g. Gyssels and Poesen, 2003; Zhou and Shangguan, 2007, 2008; Yu et al., 2014).  
As a result, the soil erodibility (K) is directly and indirectly influenced by root and soil characteristics due 
to their mutual interactions (Fig. 2). Both factors are therefore important to consider when evaluating the 
erosion-reducing potential of plant roots. 
 
3. Quantifying the erosion-reducing potential of root systems: methodology 
3.1 Data collection and standardization 
To explore the overall trends in soil erosion rates as a function of RD and RLD an integrated analysis of 
published data was made. Data was collected from case studies listed in Table 1 meeting the following 
criteria: i) the study investigated concentrated flow erosion rates (i.e. rill or gully erosion); ii) the study 
provides quantitative measurements of soil loss rates in relation to RD or RLD and iii) the study allows 
estimating the soil detachment ratio (SDR) corresponding to each RD or RLD in an accurate way (see 
further). Table 2 gives an overview of the selected studies together with information on the studied plant 
species, the corresponding root architecture, the range in RD or RLD, the root sampling area the soil 
texture and the used flow shear stresses in case of hydraulic flume tests. The majority of data was derived 
from hydraulic flume tests (Table 1, 2). In those experiments the above-ground vegetation is clipped at the 
soil surface to exclude the effects of the above-ground biomass on the erosion-reducing potential. Also 
soil properties such as soil moisture, soil chemistry and soil texture are controlled in most experiments to 
make sure that differences in soil detachment rates can (as much as possible) directly be attributed to root 
properties.  
If the original data was not available, data was digitized from published graphs, using the open source 
software Engauge Digitizer (v4.1; http://digitizer.sourceforge.net). To compare the data derived from the 
different studies the soil detachment ratio (SDR) was used. The SDR is the ratio between the absolute soil 
detachment rate (ASD) for a soil sample with roots and the ASD for a corresponding soil sample without 
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roots, i.e. the reference value. SDR values near 0 indicate that erosion is almost completely reduced due to 
the presence of roots while SDR values near 1 indicate no erosion reduction (De Baets et al., 2006). If no 
SDR values were mentioned the reported soil erosion rates were converted to SDR values based on a 
reference value which could be obtained in two ways. If a regression between RD, RLD and the erosion 
variable was reported (Table 1) the intersection of the regression line with the y-axis was used as 
reference. In other cases the value corresponding to the smallest reported RD or RLD was used. Studies for 
which no reliable reference value could be determined (and hence no accurate SDR values) were not 
further considered. The standardized data from the different empirical studies were pooled in a global 
dataset on the effect of RD and RLD on SDR. Also information on the root architecture (i.e. fibrous or tap 
roots) and soil texture (i.e. % sand, % silt, % clay) was collected (Table 2). Other potentially relevant 
factors (e.g. root diameter, soil shear strength, soil organic content) could not be considered as they were 
not consistently reported in the experimental studies listed in table 2. 
 
3.2 Statistical analysis  
The relationship between RD or RLD and SDR was analyzed using a non-linear regression approach. Two 
pre-defined mathematical equations were applied to the datasets as they were proposed in literature: an 
exponential model (Eq. 2) and the Hill curve model (Hill, 1910; Eq. 3): 
 
               (2) 
    
       
         
   (3) 
 
The exponential model is most frequent reported in literature (e.g. Mamo and Bubenzer, 2001a,b; De 
Baets et al., 2006; Shit and Maiti, 2012; Zhang et al., 2013). The exponent b in Eq. 2 represents the rate of 
decrease in SDR with increasing RD or RLD and can be used to compare the effectiveness of different 
plant species to reduce erosion (Gyssels et al., 2005). The Hill curve model was also proposed to describe 
the relationship between root variables and erosion rates (e.g. Li et al., 1991; De Baets et al., 2006; 
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Gyssels et al., 2006). This model is a variation of the power model (see numerator and denominator of Eq. 
3). However, the power model was omitted in this study as it has an infinite SDR if no roots are present 
whereas the Hill curve converges to 1 if R(L)D = 0, as does the exponential model.  
In a first step all observations were considered in order to estimate the model parameters of Eq. 2 and Eq. 
3. The coefficient of determination ME (Nash and Sutcliffe, 1970) and the relative root mean square error 
(RRMSE) were calculated to determine the prediction accuracy of the models: 
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where Oi are the observed values, Ō is the observed mean, Pi are the predicted values, n is the number of 
observations. ME values can range from -  to 1. The closer ME is to 1, the more efficient the model is 
while negative ME values indicate that the mean observed value is better to describe the trend compared to 
the model predictions. The smaller the RRMSE value, the more accurate the model. 
Secondly, to validate the regression results, the collected data were randomly divided into a calibration 
and a validation dataset containing respectively three quarters and one quarter of the data. The same non-
linear regression approach was applied to the calibration dataset and results where validated based on the 
validation dataset. For a reliable validation, this step was repeated 5000 times resulting in a range of 
possible ME and RRMSE values for both calibration and validation datasets. 
 
4. Quantifying the erosion-reducing potential of root systems: results of the meta-analysis 
4.1 Effects of root density (RD) and root length density (RLD) on soil detachment ratios (SDR) 
Fig. 3 shows the plots of the global datasets on the relation between RD, RLD and SDR. For RD, 822 data 
observations were derived from 13 empirical studies whereas only 274 data observations could be derived 
for RLD from 6 empirical studies (Table 2). SDR values above 1.5 were not plotted in Fig.3 for readability 
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reasons but were taken into account in the analysis. The smaller number of observations for RLD 
compared to RD can be attributed to the fact that measuring RLD is more time-consuming compared to 
RD (Smit et al., 2000).  
Observed RD values range from 0.004 kg m
-3
 to 38.7 kg m
-3
 whereas the range of RLD is from 0.35 km m
-
3
 to 6228.8 km m
-3
. For SDR, values range from 0.0008 to 3.84 for RD and from 0.0011 to 2.87 for RLD. 
SRD values exceeding 1 indicate an increase in the soil erosion rate due to the presence of roots compared 
to a rootless soil. This was mainly the case for tap root systems and could be partially attributed to the 
effect of vortex erosion (Poesen et al., 1994) that scours the topsoil around tap roots sticking out of the 
ground (De Baets et al., 2007a). Overall, by modifying the mechanical properties of the soil, plant roots 
are able to decrease SDR by more than 70% for 0 < RD < 10 kg m
-3
 and 0 < RLD < 130 km m
-3
. It should 
be noticed that the data presented in Fig. 3 mainly took into account the short-term effects of plant roots 
on the mechanical properties of the soil as only few studies evaluated root-permeated soil samples older 
than a few months (i.e. Li and Li, 2011; Shit and Maiti, 2012; Wang et al., 2013,2014).  
Results of the non-linear regression analysis for RD and RLD are summarized in Table 3. Higher ME 
values could be observed for the Hill curve models compared to the exponential models. Also RRMSE 
values are lower for the Hill curve models compared to those for the exponential models. Based on these 
results the Hill curve is selected as best fit between RD, RLD and SDR (Fig. 3).  
 
    
       
            
 (ME = 0.11, n = 822) (6) 
    
        
             
    (ME = 0.17, n = 274) (7) 
 
It should be noticed that both Hill curve models have a low predictive accuracy with model efficiencies of 
0.11 and 0.17 for RD and RLD respectively and RRMSE values of 1.17 and 0.96 for RD and RLD 
respectively (Table 3). These values are comparable to the median ME values observed when using 
calibration and validation datasets (Table 4). However large ranges of ME and RRMSE values could be 
observed especially for the validation datasets. This indicates that model results are less robust as a result 
Final paper available at: http://www.sciencedirect.com/science/article/pii/S0012825215300350 
 
16 
 
of the large variability in the datasets that remains unexplained (Fig. 3). A large source of variability in 
SDR is inherently linked to the data sampling, as data is pooled from various empirical studies, 
representing different i) plant species and thus root characteristics, ii) soil characteristics and iii) 
experimental set-ups to evaluate the erosion-reducing effects of plant roots. Nonetheless, the positive ME-
values indicate that the models are better to predict the general trend in the data compared to the mean 
trend. Such low ME-values are not unique for this study and recur in several studies aiming to simulate 
soil erosion rates, catchment sediment export or other geomorphic processes (e.g. de Vente et al., 2013). 
Furthermore the observed low ME-values are to a certain degree the result of the large scatter in the data 
especially when only few roots are present (i.e. low RD and RLD values, Fig. 3). Once there is a decent 
amount of roots present, the positive effect of roots on erosion reduction is more pronounced and the 
models fit closer to the data (see Section 4.3). To deal with those low ME-values, an attempt was made to 
increase the reliability of the estimations of the root effects on soil erosion rates by 1) taking into account 
additional variables (Section 4.2) and by 2) taking into account explicitly the uncertainty levels induced by 
the unexplained variability (Section 4.3).  
 
4.2 Effects of root architecture and soil texture on the erosion-reducing potential of roots 
An attempt was made to improve the Hill curve models by taking into account additional information on 
root architecture and soil texture as those variables were consistently reported in most studies. First, the 
influence of root architecture on the erosion-reducing potential of plant roots was analyzed by dividing the 
global datasets for RD and RLD in subsets according to the root type, i.e. fibrous or tap root systems. 
Secondly, the resulting subsets were further divided based on soil texture: i.e. sandy soils containing more 
than 50% sand and non-sandy soils containing less than 50% sand. This enables us to test whether the 
hypothesis is valid that plant roots are less effective in reducing soil erosion rates in sandy soils (De Baets 
et al., 2007a).  
Results of the non-linear regression analyses for these subsets of the global datasets for RD and RLD are 
summarized in Table 5. For RD, taking into account root architecture yielded a negligible improvement in 
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model efficiency for fibrous roots (ME = 0.13) while a decline in model efficiency could be observed for 
tap roots (ME = 0.07) (Fig. 4). The fact that there is no improvement can be explained by the large 
variability within each root system class itself (Fig. 3). This results in large ranges for possible ME and 
RRMSE for the calibration and validation datasets indicating that the models are not robust and still a large 
part of variability remains unexplained. For RLD, only a significant model was found for fibrous root 
systems while no relationship could be found for tap root systems (Table 5). A significant improvement of 
model efficiency (ME = 0.27) was observed for fibrous root systems (Eq. 8) compared to results of the 
global dataset (Fig. 4). Despite the improvement in ME, still a large part of the variability cannot be 
explained by RLD and root architecture only. Also the large range of ME and RRMSE values in the 
calibration and validation results still indicates a low overall accuracy (Table 6).  
 
    
        
             
    (ME = 0.27, n = 133; fibrous roots, all soil types) (8) 
 
Comparison of the parameter estimates of the Hill curves for both RD and RLD showed that estimated b-
values for fibrous root systems are larger compared to tap root systems resulting in a stronger decrease in 
SDR with increasing RD and RLD (Fig. 4). This confirms that, in general, fibrous roots are more effective 
in controlling erosion due to concentrated flow compared to tap roots (Section 2). 
Next to root architecture, also soil texture was taken into account. In case of RD a significant improvement 
could be observed in model efficiency for fibrous roots in sandy soils (sand content > 50%) with ME = 
0.67 and RRMSE = 0.61 (Table 5). Other regression results for RD yielded no improvement or were not 
significant in the case of tap root systems in non-sandy soils. The regression results for fibrous roots in 
sandy soils have to be interpreted with care because those data are to some extent biased as they originate 
from only 2 studies (De Baets and Poesen, 2010; Shit and Maiti, 2012). 
 
Due to the low number of observations a large part of the variability is excluded that could be induced by 
differences in soil and root characteristics among studies, and hence an extrapolation to other areas will 
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not be reliable. Therefore only significant Hill curves for non-sandy soils are represented in Fig. 4. For RD 
only the Hill curve for fibrous roots in non-sandy soils is plotted which is almost similar to the Hill curve 
model based on the global dataset and the subset based on fibrous roots. For RLD, only regression results 
for fibrous roots in non-sandy soils were significant and yielded a significant improvement with ME = 
0.37 (Eq. 9; Table 5). It should be mentioned that the number of observations within the subsets decreases 
which in turn reduces the variability. This explains to some extent the higher ME. However RRMSE 
values were not significantly smaller and still a large part of unexplained variance exists (Table 5). 
 
    
        
             
    (ME = 0.37, n = 109; fibrous roots, non-sandy soils) (9) 
 
Due to the small number of data for sandy soils compared to non-sandy soils, a comparison of the erosion-
reducing potential of plant roots in sandy and non-sandy soils is hard to make. In case of RD, higher b 
values could be observed for sandy soils compared to non-sandy soils for both fibrous and tap root 
systems indicating a positive effect of the sand content on the erosion-reducing potential of plant roots. 
This contrasts with the results of De Baets and Poesen (2010) who reported a negative effect of sand 
content on the erosion-reducing effect of plant roots. However, no conclusive evidence can be found as 
the now available data for sandy soils only yield a limited number of observations (Table 5). Additional 
data for different soil textures is needed to unravel the soil texture effect on the erosion-reducing effects of 
plant roots.  
When compiling data from different sources one has to be aware of the effects of auto-correlation effects 
among variables. A detailed analysis of those effects was, however, not possible as only few additional 
variables (i.e. root architecture and soil texture) were thoroughly reported in all studies. Nonetheless auto-
correlation effects could possibly contribute to the unexplained variance of the models.  
4.3 Assessment of uncertainty ranges on the erosion-reducing potential of plant roots 
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Despite the attempt to increase the model efficiency by including root architecture and soil texture, only a 
limited improvement could be observed (Section 2.2). Based on the proposed models, it is still very 
difficult to predict the effects of plant roots on concentrated flow erosion rates. To allow meaningful 
estimations of the erosion-reducing effects of plant roots based on the proposed models, the uncertainty 
has to be taken into account. This was done by means of a Monte Carlo simulation. In a first step the 
cumulative distribution function (cdf) of the relative residues (i.e. the observed SDR divided by the 
predicted SDR) was determined. The residues could be best described by means of an exponential 
distribution which was further used to generate random residues. The uncertainty range on predicted SDR 
values was estimated for RD ranging from 0 to 40 kg m
-3
 in steps of 0.1 kg m
-3
 and RLD ranging from 0 to 
1000 km m
-3
 in steps of 1 km m
-3
. For each RD or RLD the corresponding SDR value was calculated based 
on the derived Hill curve model which was then multiplied by a random residue generated from the 
derived exponential distribution. This step was repeated 10 000 simulations for each RD and RLD. Finally 
the 95% quantile was determined based on the 10 000 simulations for every RD and RLD.  
The resulting 95% confidence intervals of the estimated SDR values are represented in Fig. 5 together with 
the proposed Hill curve models. For a meaningful assessment of the erosion-reducing potential, the 
uncertainty range, which can be derived from the plots in Fig. 5, has to taken in to account. The upper 
level of this range should than be interpreted as the minimal root effect that can be expected. Fig. 5 
indicates threshold values for RD and RLD which has to be reached in order to have an erosion-reducing 
effect at 95% confidence interval, i.e. the corresponding RD or RLD at which the upper boundary of the 
95% confidence interval falls below SDR = 1.0.  
For RD, similar uncertainty ranges could be observed for Hill curve models based on the global dataset 
and the subset based on fibrous roots with a threshold value for both models of 1.3 kg m
-3
 (Fig. 5). For tap 
roots system a larger uncertainty exists on predicted SDR values and hence a higher threshold value of 13 
kg m
-3
. Based on these results together with the regression results we propose to use the established model 
based on all observations (Eq. 6) to estimate the potential erosion-reducing effects of plant roots. The 
uncertainty on the predicted SDR values can be derived from Fig. 5. For RLD, uncertainty ranges are 
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shown in Fig. 5 for the three significant Hill curve models (Section 4.2). Similar threshold values were 
found for the three models ranging between 13 and 18 km m
-3
 however uncertainty ranges on predicted 
SDR values are decreasing when taking into account more controlling factors (Fig. 5). Therefore, in case 
of plant species with fibrous root systems, Eq. 8 can be used to estimate the erosion-reducing potential 
irrespective of the soil texture. In case of non-sandy soils (< 50% sand), Eq. 9 is proposed. 
Overall we prefer the use of models based on RLD to those based on RD as uncertainty ranges are smaller 
for RLD compared to RD. In addition, RLD is indirectly correlated to root architecture while this is not the 
case for RD. A soil containing a certain amount of roots (expressed as RD) will have a much larger RLD in 
the case of a fibrous root system (consisting of many fine roots) compared to a tap root system consisting 
of a thick central tap root. This can be observed in Fig. 3 and is confirmed by means of a Kruskal-Wallis 
test (χ² = 72.99, p = < 2.2e-16) indicating significant larger RLD values for fibrous root systems, while no 
significant differences between fibrous and tap roots could be observed for RD measures. This is a mayor 
disadvantage when using RD as root variable to estimate SDR values as a soil can have a high RD but a 
low RLD in case of tap roots. As a result an overestimation of the erosion-reducing potential will be made 
when using RD as root variable. This is in accordance with the hydraulic flume results of Burylo et al. 
(2012) who found no significant correlation between RD and SDR for three tested plant species while the 
percentage fine roots (< 0.5 mm) were significantly correlated to SDR and RLD. In order to use RD to 
estimate the erosion-reducing potential, root diameter can be used as additional variable to account for 
root architecture as it was significantly and positively related to SDR (Burylo et al., 2012). This is in line 
with the results of De Baets et al. (2007a) and De Baets and Poesen (2010) who found a negative 
influence of root diameter on the erosion-reducing effect. An analysis of the effect of root diameter in this 
study was not possible due to the lack of sufficient data reported in the literature. 
 
5. Conclusions 
Vegetation can be used to reduce soil degradation by soil erosion processes. This study showed that plant 
roots can be very effective in controlling soil erosion rates due to concentrated flow. A combination of a 
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well-established vegetation cover together with a dense root system in the topsoil is therefore most 
effective and recommended to protect the soil against soil erosion processes by water. The erosion-
reducing potential of plant roots can be explained by their indirect negative effect on soil erodibility 
through affecting various soil properties (e.g. aggregate stability, cohesion, organic matter content, 
infiltration rate and moisture content). However both the environment and management practices have to 
be taken into account as they influence the effectiveness of plant roots in reducing soil erosion rates. 
Analysis of a global dataset based on published data showed that the decrease in SDR as a function of RD 
or RLD could be best described by a Hill curve model. Root architecture and soil texture were further 
considered as an attempt to improve the models. This resulted in better predictive models for RLD (for 
fibrous roots in non-sandy soils) while no improvement could be observed for RD. Consequently, it 
remains difficult to predict the erosion-reducing effects of plant roots on concentrated flow erosion rates 
as still a large part of the variance remains unexplained. Results of the Monte Carlo analyses (Fig. 5) 
present confidence intervals on estimated SDR values for the proposed models that should be used as a 
estimation of the uncertainty range. As such, the established relationships between root (length) density 
and the soil detachment ratio allow for meaningful estimations of the mechanical effects of plant roots on 
concentrated flow erosion rates. The advantage of this approach is that the results of this study can be 
extrapolated to different environments to examine the likely root effects on erosion rates, as we implicitly 
take into account the variability in root and soil characteristics.  
As tap root systems are less effective in controlling soil erosion compared to fibrous roots, we furthermore 
prefer the use of RLD as root variable as it indirectly takes into account the root architecture. The 
influence of soil texture on erosion-reducing potential could not be demonstrated due to a lack of 
sufficient data on the erosion-reducing potential of plant roots in different soil textures. More empirical 
studies are needed to examine the role of soil texture on the erosion-reducing potential. Moreover, a more 
accurate global database is needed to unravel the influence of additional soil, root and environmental 
variables on the erosion-reducing potential of plant roots and to improve the predictive quality of the 
models. 
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Figures: 
 
 
Fig. 1. Structural model of the erosion-reducing potential of vegetation cover and plant roots for different 
erosion processes by water (Based on Gyssels et al., 2005).  
 
 
Fig. 2. Overview of factors involved in the erosion-reducing effects of plant roots on soil erodibility. RD 
(kg m
-3
) is root density, RLD (km m
-3
) is root length density, RSAD (m² m
-3
) is root surface area density 
and RAR (%) is root area ratio.  
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Fig. 3. Soil detachment ratio (SDR) as a function of root density (RD, kg m
-3
) and root length density 
(RLD, km m
-3) with an indication of root architecture (●: fibrous roots; ●: tap roots and ○: not available). 
The dashed line indicates no erosion reduction (SDR = 1). Note that the scale of the X-axis in the right 
figures is logarithmic to better visualize the variability.  
 
Fig. 4. Plot of significant Hill curve models describing the relation between root density (RD) or root 
length density (RLD) and soil detachment ratio (SDR) and for the global dataset (all data) and subsets of 
the global dataset grouped according to root architecture (fibrous, tap roots) and soil texture (non-sandy 
soils (< 50 % sand)).  
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Fig. 5. Uncertainty ranges of the Hill curve models describing the relation between root density (RD) or 
root length density (RLD) and soil detachment ratio (SDR) for the global dataset (all data) and subsets 
according to root architecture (fibrous, tap roots) and soil texture (non-sandy soils (< 50 % sand)). Grey 
area indicates the 95% confidence level of predicted SDR values, dashed lines indicate no erosion 
reduction (SDR = 1).  
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Tables: 
 
Table 1 Overview of empirical studies reporting the effects of a root variable on soil erosion by water. 
ΔAS is soil anti-scourability, CD is rill and gully channel density, CS is rill and gully cross sectional area, 
D is root diameter, FR is percentage of fine roots, Ki is interrill erodibility, Kr is rill erodibility, RAR is 
root area ratio, RD is root density, RLD is root length density, RSAD is root surface area density, SDR is 
soil detachment ratio, RV is root volume, SC is sediment concentration, SV is scour volume, SY is 
sediment yield, τN is non-uniform stream power. Lab refers to laboratory experiments using either rainfall 
simulations (1) or hydraulic flume tests (2). Field refers to experiments using rainfall simulations (1), 
concentrated flow experiments (2), micro erosion plots (3), submerged jet devices (4) and measurements 
based on rill and (ephemeral) gully cross sections (5) or rill and gully densities (6). NA: not available. 
N° Source Erosion process Root characteristic (unit) Root effect/ Original equation Method Country 
1 Ghidey and Alberts (1997) Splash Dead RD (kg m-2) 
Dead RLD (km m-2) 
No root effect Lab_1 USA 
2 Katuwal et al. (2013) Splash RD (kg m-3) Dr (g m
-2 mm-1) = 10.48e-0.80*RD Lab_1 Belgium 
3 Bui and Box (1993) Interril RLD (cm cm-3) No root effect Field_1 USA 
4 Ghidey and Alberts (1997) Interril Dead RD (kg m-2) 
Dead RLD (km m-2) 
Ki (kg s m
-4) = 3.55e-0.71*RD 
Ki (kg s m
-4) = 3.62e-0.029*RLD 
Lab_1 USA 
5 Pierret et al. (2007b) Interril and rill RLD (cm cm-3) No root effect Field_3 Laos 
6 Zhou and Shangguan (2007) Interril and rill RSAD (cm2 cm-3) Dr (kg m
-2 h-2) = -8.6675*RSAD + 14.691 Lab_1 China 
7 Zhou and Shangguan (2008) Interril and rill RSAD (cm2 cm-3) SY (kg) = -4936.3*RSAD + 9163.9 Lab_1 China 
8 Zhang et al. (2012) Interril and rill NA Reduction of Dr (g m
-2min-1) Lab_1 China 
9 Katuwal et al. (2013) Interril and rill RD (kg m-3) Dr (g m
-2 mm-1) = 35.47e-0.44*RD 
Ki (kg m
-2 cm-2 h)=0.50e-0.41*RD 
Lab_1 Belgium 
10 Li et al. (1991) Rill #roots 100-1 cm-2 SDR (-) = b1*RD
-b2 / (b3 + RD
-b2) Field_1 China 
11 Mamo and Bubenzer (2001a) Rill RLD (cm cm-3) Dr (g m
-2 s-1) = 2.62e-0.0372*RLD 
Dr (g m
-2 s-1) = 10.33e-0.166*RLD 
Lab_2 USA 
12 Mamo and Bubenzer (2001b) Rill RLD (cm cm-3) Dr (g m
-2 s-1) = 1.65e-0.127*RLD  
Dr (g m
-2 s-1) = 4.65e-2.33*RLD 
Field_2 USA 
13 Cogo and Streck (2003) Rill Dead RD + 
buried residue (kg ha-1) 
SC (kg ha-1) = 0.13e-0.00027*x Field_1 Brazil 
14 Liu et al. (2003) Rill RLD (cm cm-3) SY (mg cm-2) = 762.22e-0.3764*RLD 
SY (mg cm-2) = 4062.8e-0.3778*RLD 
Lab_2 China 
15 Zhou and Shangguan (2005) Rill RD (mg cm-3) 
RSAD (cm2 cm-3) 
ΔAS (L g-1 ) = b1*RSAD
b2 Lab_2 China 
16 De Baets et al. (2006) Rill RD (kg m-3) 
RLD (km m-3) 
RAR (%) 
SDR (-) = R(L)D-b / (a + R(L)D-b) 
SDR (-) = e-b*R(L)D 
SDR (-) = a*R(L)D-b 
SDR (-) = e-b*RAR 
Lab_2 Belgium 
17 Gyssels et al. (2006) Rill RD (kg m-3) SDR (-) = e-2.25*RD 
SDR (-) = RD-0.85 / (5.32 + RD-0.85) 
Lab_2 Belgium 
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18 De Baets et al. (2007a) Rill RD (kg m-3) SDR (-) = e-2.58*RD 
SDR (-) = e-1.45*RD1<D<5mm*e
-0.47*RD
D>5mm 
Lab_2 Belgium 
19 Knapen et al. (2007a) Rill RD (kg m-3) Kr = e
-1.9*RD Lab_2 Belgium 
20 Zhang et al. (2009) Rill RD (kg m-3) Decrease of Dr (kg m
-2 s-1) Lab_2 China 
21 De Baets and Poesen (2010) Rill RD (kg m-3) SDR (-) = e-0.93*RD Lab_2 Belgium 
22 De Baets et al. (2011) Rill RD (kg m-3) 
RLD (km m-3) 
SDR (-) = e-1.93*RD 
SDR (-) = e-0.19*RLD 
Lab_2 Belgium 
23 Li and Li (2011) Rill RD (kg m-3) SY (kg) = 1 / (b1 + b2*ln(RD)) Field_2
 China 
24 Wang et al. (2011) Rill RD (kg m-3) Kc (s m
-1) = 0.016e-0.5072*RD Lab_2 China 
25 Bochet et al. (2012) Rill RD (kg m-3) 
RLD (km m-3) 
RAR (%) 
RSAD (m2 m-3) 
SDR (-) = e-0.24*RD 
SDR (-) = e-0.25*RLD 
SDR (-) = e-2.53*RAR 
SDR (-) = e-0.000113*RSAD 
Lab_2 Spain 
26 Burylo et al. (2012) Rill D (mm) 
%FR 
NA 
 
Lab_2 France 
27 Moody and Nyman (2012) Rill RLD (cm cm-3) Dr (g cm
-2 s-1) = b1*τN
b2*RLDb3  
τN (0.001 W/m
²)  
Lab_2 US 
28 Shit and Maiti (2012) Rill RD (kg m-3) SDR (-) = 0.79038e-1.3537*RD + 0.06458 Lab_2 India 
29 Wang et al. (2013) Rill RD (kg m-3) Dr (kg m
-2 s-1) = 5.809e-5.851*RD  Lab_2
 China 
30 Zhang et al. (2013) Rill RD (kg m-3) SDR (-) = e-0.409*RD 
Kr (s m
-1) = 0.018e-0.410*RD 
Lab_2 China 
31 Wang et al. (2014) Rill RD (kg m-3) Dr (kg m
-2 s-1) = 0.073e-0.119*RD  Lab_2 China 
32 Yu et al. (2014) Rill RD (kg m-3) Dr (kg m
-2 s-1) = b1e
-b2*RD  Lab_2 China 
33 Gyssels et al. (2002) Rill and gully RD (µg cm-3) Decrease of CS (cm²)  Field_5 Belgium 
34 Gyssels and Poesen (2003) Rill and gully RD (kg m-3) Decrease of CS (cm²) Field_5 Belgium 
35 Li et al. (2015) Rill and gully RD < 1mm (mg dm-3) 
RD 1-2mm (mg dm-3) 
CD (m m-2) = -0.1326*Ln(RD) + 0.8017 
CD (m m-2) = -0.1103*Ln(RD) + 0.5233 
Field_6 China 
36 Pollen-Bankhead and Simon (2010) River-bank erosion RD (g cm-3) 
 
RLD (cm cm-3) 
RV (cm3 cm-3) 
RD = 0.5373*SV-0.9045(cm3) 
RD = 0.5756*SV-1.1859(cm3) 
RLD = 61.02*SV-0.66(cm3) 
RV = 0.44*SV-0.77(cm3) 
Field_4 US 
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Table 2 Root and soil characteristics of the empirical studies included in the global dataset on the effects 
of root density (RD, kg m
-3
) and root length density (RLD, km m
-3
) on concentrated flow erosion rates. N° 
refers to the studies listed in Table 1. NA is not available. 
N° Source Plant species Root  
type 
 
RD range 
(kg m
-3
) 
RLD range 
(km m
-3
) 
Sampling 
area 
(cm²) 
Soil type Mean flow 
shear 
stress 
(τ, Pa) 
USDA 
% 
sand 
% 
silt 
% 
clay 
11 Mamo and Bubenzer 
(2001a) 
Lolium perenne L. Fibrous NA 1.44 – 242.10 ~78.5 Silt loam 19 57 24 1.12-3.72 
12 Mamo and Bubenzer 
(2001b) 
Glycine max L. Tap NA 2.97 – 6.89 ~78.5 Silt loam 19 57 24 2-10 
33 Gyssels et al. (2002) Triticale Fibrous 0.66 – 2.95 NA 125 Silt loam 6 81 13 NA 
34 Gyssels and Poesen 
(2003) 
Triticum aestivum, Hordeum vulgare Fibrous 0.29 – 2.34 NA 125 Silt loam 10 79 11 NA 
14 Liu et al. (2005)  Hordeum vulgare L. Fibrous NA 21.20 – 119.50 200 Silt loam 15 70 15 20 
  Glycine max L. Tap NA 4.30 – 88.50 200 Silt loam 15 70 15 20 
  Hordeum vulgare L., Glycine max L. NA NA 0.50 – 44.37 200 Silt loam 15 70 15 20 
15 Zhou and Shangguan 
(2005) 
Botriochlon ischaemum L. 
 
Fibrous 
 
0.20 – 2.51 NA 250 
 
Silty clay 
loam 
8 63 29 NA 
  Pinus tabulaeformis Carr. 
 
NA 0.12 – 2.94 NA 250 Silty clay 
loam 
8 63 29 NA 
  Robinia pseudoacacia L. NA 0.18 – 2.69 NA 250 Silty clay 
loam 
8 63 29 NA 
16 De Baets et al. (2006) Poaceae (L. perenne, F. rubra,  
F. arundinacea,) 
Fibrous NA 31.59 – 6228.77 372.5 Sandy loam 56 36 8 9-45 
17 Gyssels et al. (2006) Hordeum vulgare, Glycine max NA 0.01 – 1.83 NA 200 Silt loam 15 70 15 20 
18 De Baets et al. (2007a) Poaceae (L. perenne, F. rubra, F. 
arundinacea,) 
Fibrous NA 2.27 – 365.75 372.5 Silt loam 21 70 9 14-60 
 D. carota Tap NA 0.38 – 20.15 372.5 Silt loam 21 70 9 14-60 
  D. carota Tap NA 0.35 – 9.31 372.5 Sandy loam 56 36 8 14-60 
21 De Baets and Poesen 
(2010) 
Poaceae (L. perenne, F. rubra,  
F. arundinacea, A. sativa, S. cereale) 
Fibrous 0.20 – 38.70 NA 372.5 Sandy loam 56 36 8 9-60 
  D. carota, R. sativus, P. tanacetifolia, 
Sinapis alba 
Tap 0.13 – 10.61 NA 372.5 Sandy loam 56 36 8 9-60 
  Poaceae (L. perenne, F. rubra, F. 
arundinacea, A. sativa, S. cereale) 
Fibrous 0.04 – 16.87 NA 372.5 Silt loam 22 67 11 9-60 
  D. carota, R. sativus, P. tanacetifolia, 
Sinapis alba 
Tap 0.004 – 15.49 NA 372.5 Silt loam 22 67 11 9-60 
22 De Baets et al. (2011) L. perenne, A. sativa, S. cereale Fibrous NA 9.86 – 28.29 372.5 Silt loam 22 71 7 16-47 
 R. sativus, P. tanacetifolia, Sinapis 
alba 
Tap NA 0.79 – 44.98 372.5 Silt loam 22 71 7 16-47 
23 Li and Li (2011) Poacea (Stipa bungeana, Botriochlon 
ischaemum) 
Fibrous 0.04 – 0.62 NA ~36 Silt loam NA NA NA NA 
25 Bochet et al. (2012) T. vulgaris NA 0.98 – 13.72 NA 372.5 NA NA NA NA 14.6 
  G. scorpius Tap 0.33 – 5.62 NA 372.5 NA NA NA NA 14.6 
28 Shit and Maiti (2012) Poacea (Andropogon aciculate, 
Eragrostis cynosuroides, Panicum 
maxima, Saccharum munja) 
Fibrous 0.31 – 7.14 NA 315 Sandy loam 56 24 20 3.8-17.5 
9 Katuwal et al. (2013) L. perenne L. Hugo Fibrous 0.53 – 3.25 NA 20 Silt loam 30 51 19 NA 
29 Wang et al. (2013) NA NA 0.31 – 7.86 NA ~75 Silt loam 26 61 13 4.54-22.54 
30 Zhang et al. (2013) Panicum virgatum Fibrous 0.30 – 17.98 NA ~75 Loam 37 47 16 0-20 
31 Wang et al. (2014) NA NA 5.10 – 22.46 NA ~75 Silt loam 24 65 11 5.83-18.15 
32 Yu et al. (2014) Zea mays, Panicum miliaceum Fibrous 0.01 – 1.04 NA ~75 Silt loam 42 54 4 5.71-17.18 
 Glycine max, Solanum tuberosum Tap 0.004 – 0.21 NA ~75 Silt loam 42 54 4 5.71-17.18 
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Table 3 Parameter estimates and model calibration results. Underlined parameters are significant at 5%. 
RD (kg m
-3
) is the root density, RLD (km m
-3
) is the root length density, SDR is the soil detachment ratio, 
n is the number of observations, ME is the model efficiency, RRMSE is the relative root mean square 
error.  
Relationship Parameter 
estimate 
95% 
confidence 
interval 
n ME RRMSE 
RD       
           b: 0.79 0.66 0.96 822 -0.30 1.17 
    
    
      
 
b: 0.35 1.61 1.98 822 0.11 0.96 
c: 1.78 0.28 0.42    
RLD       
            b: 0.14 0.10 0.18 274 0.00 1.12 
    
     
       
 
b: 0.46 0.37 0.80 274 0.17 1.02 
c: 0.56 0.32 0.64    
 
Table 4 Model calibration and validation results for the Hill curve model based on a non-lineair 
regression approach using a Monte Carlo simulation with 5000 iterations. Calibration and validation 
datasets for root density (RD) and root length density (RLD) represent respectively 75% and 25% of the 
global dataset. Median values for model efficiency (ME) and relative root mean square error (RRMSE) are 
reported together with the possible range of observed ME and RRMSE between brackets. SDR is the soil 
detachment ratio and n is the number of observations. 
Relationship Calibration Validation 
 n ME RRMSE n ME  RRMSE 
    
    
      
 
617 0.11 0.97 205 0.11 0.93 
 (0.07 – 0.18) (0.81 – 1.05)  (-0.07 – 0.26) (0.71 – 1.31) 
    
     
       
 
206 0.17 1.02 68 0.15 1.02 
 (0.09 – 0.26) (0.86 – 1.16)  (-0.82 – 0.42) (0.70 – 1.49) 
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Table 5 
Parameter estimates and model calibration results for the Hill curve (Eq. 3) for subsets of the global 
dataset based on root architecture (fibrous and tap root systems) and soil texture (sand, silt and clay 
content, %). Underlined parameters are significant at 5%. RD (kg m
-3
) is the root density, RLD (km m
-3
) is 
the root length density, n is the number of observations, ME is the model efficiency, RRMSE is the relative 
root mean square error. * indicates that observations are derived from only 1 case study. 
Subset global dataset Parameter 
estimate 
95% confidence 
interval 
n ME RRMSE 
RD       
Fibrous root systems b: 0.33 0.26 0.41 535 0.13 0.81 
 c: 1.93 1.73 2.14    
Sand content < 50% b: 0.32 0.23 0.41 473 0.10 0.83 
 c: 1.88 1.67 2.13    
Sand content > 50% b: 1.27 0.88 1.80 41 0.67 0.61 
 c: 1.77 1.29 2.52    
Tap root systems b: 0.24 0.03 0.49 141 0.07 1.32 
 c: 1.06 0.73 1.54    
Sand content < 50% b: 0.22 -0.05 0.55 96 0.30 0.70 
 c: 1.17 0.69 2.06    
Sand content > 50%* b: 0.45 0.06 1.02 30 0.03 1.21 
 c: 1.12 0.65 1.93    
RLD       
Fibrous root systems b: 0.66 0.43 0.96 133 0.27 1.08 
 c: 0.34 0.16 0.67    
Sand content < 50% b: 0.94 0.65 1.34 109 0.37 1.01 
 c: 0.20 0.08 0.42    
Sand content > 50%* b: 1.73  1.12 1.75 24 0.79 0.54 
 c: 0.0003  0.0002 0.005    
Tap root systems b: 0.19 -0.11 0.54 111 0.01 1.09 
 c: 1.10 0.64 1.88    
Sand content < 50% b: 0.23 -0.13 0.70 93 0.02 1.10 
 c: 0.94 0.46 1.90    
Sand content > 50%* b: 0.35  -0.30 1.28 18 0.03 3.04 
 c: 1.58  0.76 3.69    
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Table 6 Model calibration and validation results for the Hill curve model (Eq. 3) based on a non-linear 
regression approach using a Monte-Carlo simulation with 5000 iterations. Calibration and validation 
datasets for root density (RD) and root length density (RLD) represent respectively 75% and 25% of the 
global dataset. Median values for model efficiency (ME) and relative root mean square error (RRMSE) are 
reported together with the possible range of ME and RRMSE between brackets. 
Subset global dataset Calibration Validation 
 n ME RRMSE n ME  RRMSE 
RD       
Fibrous root systems 401 0.13 0.81 134 0.12 0.81 
  (0.08 – 0.18) (0.74 – 0.87)  (-0.24 – 0.27) (0.66 – 1.06) 
Sand content < 50% 355 0.10 0.83 118 0.09 0.83 
  (0.04 – 0.17) (0.75 – 0.90)  (-0.46 – 0.22) (0.66 – 1.06) 
Tap root systems 106 0.03 1.06 35 0.00 0.99 
  (0.00 – 0.16) (0.74 – 1.25)  (-1.58 – 0.22) (0.57 – 1.73) 
RLD       
Fibrous root systems 100 0.27 1.08 33 0.22 1.08 
  (0.14 – 0.41) (0.85 – 1.27)  (-2.41 – 0.68) (0.55 – 2.24) 
Sand content < 50% 82 0.38 1.01 27 0.32 1.00 
  (0.23 – 0.58) (0.69 – 1.26)  (-3.33 – 0.82) (0.42 – 2.06) 
 
 
 
